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nous sources such as poultry, fish, and meat Fatty Acid 2 e
or endogenous sources like organs that are meta- o '":;-':7..,.

bolically active such as kidney, brain, liver, and \FAT

skeletal, cardiac, and reproductive systems (1-4). ‘

Exogenous dietary sources provide nearly 75% of

human body's L-carnitine reserves, while only T
25% of L-carnitine is synthesized de novo from i »

Long chain fatty acid + COA ———————» Acyl-CoA

essential amino acids of methionine and lysine N g
(5). In human body’s cells, L-carnitine as an es-

sential component has a significant role in trans-

ferring long-chain fatty acids through internal [ e s
membrane of mitochondria for B-oxidation pro- e RO, ( coAf.éf;t ek

cess and energy production (1, 2, 6). Besides, it | L £

can modulate the acyl-coA/coA ratio and reduce ; 3

the acyl groups toxicity by excreting carnitine

esters (7, 8) (Figure 1). L-carnitine has also anti-

oxidant and antiradical properties that can protect Figure 1. The role of L-carnitine in sperm metabolism
the cell membrane, mitochondria, and DNA integ- (CPT1: carnitine palmitoyltransferase 1, CPT2: carnitine pal-

rity against oxidative damages (9-11). mitoyltransferase 2)
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In male human genital tract, L-carnitine is con-
centrated in the epididymis, spermatozoa, and tes-
tis. In epididymal fluid, L-carnitine concentration
is at the highest level, approximately 2000 times
higher than in the blood (12). Epithelial cells of
epididymis absorb L-carnitine from the blood and
secrete it in epididymal lumen by a specific active
transport system. Then, L-carnitine goes through
the spermatozoa by passive diffusion and it is
amalgamated in free and acetylated forms (13,
14). According to previous studies, L-carnitine
positively affects spermatogenesis and sperm mat-
uration and its metabolism (15). The high concen-
tration of L-carnitine in testicular tissues (half of
the level in rat epididymis) and acetyl-L-carnitine
in developing testicular tissue (especially primary
spermatocytes) reflects its role in spermatogenesis
(10). Investigations on beneficial impacts of L-
carnitine on spermatogenesis were related to its
efficacy on post-injury recovery of spermatogene-
sis, although the exact mechanism has not been
discovered yet. However, antiapoptotic properties
of L-carnitine may account for such effects. His-
tological examinations of testicular tissue showed
that germinal epithelium reorganization in semi-
niferous tubules was more rapid with L-carnitine
treatment (16). In addition, according to previous
studies, L-carnitine affects spermatogenesis
through stimulation of glucose uptake by Sertoli
cells that supply essential energy for epithelial
germ cell development. Post gonadal sermiogene-
sis occurs in testicles and sperm maturation in
epididymis, where sperm cells come into contact
with significant concentration of L-carnitine to
acquire motility. In fact, L-carnitine plays a sig-
nificant role in spermatozoa energy metabolism
and provides the main fuel for sperm cell motility,
so that the onset of sperm motility is associated to
an increment in the concentration of free L-
carnitine in epididymal lumen. Furthermore, L-
carnitine in epididymis increases sperm viability
by stabilizing sperm plasma membrane through
inhibition of oxygen consumption and cellular
efflux of enzymes and reduction of spontaneous
acrosome reaction (10). In addition to L-carnitine
contribution to spermatogenesis, it can protect
germ cells as an antiapoptotic factor by interfering
with extrinsic Fas-FAS-L-mediated pathway
(through intervening with Fas-triggered apoptotic
signals and preventing ceramide generation) and
intrinsic mitochondrial-dependent pathway (by
inactivating caspases 3, 7, and 8) that are common
effectors of apoptosis. Also, L-carnitine protects

sperm cells against apoptosis by eliminating ace-
tyl-CoA that is a potent toxic mediator (16). Be-
sides, L-carnitine has effects on spermatogenesis,
and as an antioxidant agent, it exerts protective
effects on sperm cells, fertilization, implantation,
and pregnancy rate through oxidative stress reduc-
tion, removing free radicals, and prevention of
ROS production (17, 18). Indeed, L-carnitine can
maintain sperm cellular membrane and DNA in-
tegrity through decreasing OS-induced lipid pe-
roxidation and DNA oxidation (19-23). Since oxi-
dative stress can alter the sperm epigenetic profile
through affecting sperm DNA, L-carnitine can
also modulate the expression of the epigenetically
regulated genes, especially genes involved in
DNA methylation by reducing ROS and conse-
quent oxidative stress (24, 25). Additionally, L-
carnitine positively affects sperm mitochondrial
structure, metabolism, oxidative stress, and apop-
tosis. It potently protects sperm mitochondria
against electron transport chain-induced ROS
through some mechanisms including radical scav-
enging, iron ions chelating, and increasing expres-
sion of mitochondrial antioxidants such as super-
oxide dismutase (SOD), glutathione (GSH), cata-
lase (CAT), and glutathione peroxidase (GPx),
maintains sperm mitochondrial membrane and
DNA integrity, and finally modulates the sperm
cell apoptotic signaling. Furthermore, the role of
L-carnitine in mitochondrial metabolism is con-
nected with the import of longchain fatty acid
through the mitochondrial membrane for oxida-
tion (26).

In this review, protective impacts of L-carnitine
alone in preventing male reproductive damages
were studied including abnormal sperm and con-
ventional and functional parameters, sperm cryo-
preservation-induced injuries, and testicular dys-
function caused after cancer treatment by radia-
tion and busulfan; in the following three session
of the review, the below-mentioned questions
were addressed: 1) how L-carnitine can maintain
sperm fertility potential by improving sperm con-
ventional and functional parameters?, 2) how L-
carnitine can preserve and maintain male fertility
after cancer treatment?, and 3) how L-carnitine
can protect sperm functional parameters after
freezing—thawing?

How L-carnitine can maintain sperm fertility po-
tential by improving sperm conventional and
functional parameters?

L-carnitine with its antioxidant property has a vi-
tal role in sperm metabolism and optimizes sperm
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conventional and functional parameters in seminal
plasma. Many studies which have investigated L-
carnitine’s protective effects are summarized be-

low (Table 1) (14, 27-32).

In a meta-analysis in 2021, Wei et al. analyzed
seven articles including 621 patients. They evalu-
ated the effective potential of L-carnitine/L-acety-
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I-carnitine (LC/LAC) in idiopathic asthenozoo-
spermic men. The results of this study show that
LC/LAC could result in sperm normal morpholo-
gy and enhanced motility in comparison with the
placebo group (27). In another study by Jihad
Manssor et al. in 2019, many infertile men were
treated with L-carnitine (500 mg) once daily for

Table 1. Summary of the selected studies on protective impact of L-carnitine on sperm parameters

Authors Patients Treatment Parameters Results
Groups: L .
Lenzi - L-carnitine LC (2 g/day). Sperm parameters (sperm Egﬁgtr:\énfr;e;srﬁ;?tl Iicr)mmslmegrrhc
etal. 60 infertile patients - L-acetyl-carnitine LAC (1 concentration, motility, and - - N Sp
(2004) g/day) morphology) motility, particularly in groups
h Placébo who had lower baseline levels
'(I§rr§autFr)rT:ant groups: - Significant increment in sperm
Aliabadi -L-carnitine (3.6 mM) DI 07 O BTG UES et LC.
etal 30 male mice - L-acetyl-carnlitine (3-6 mM) . Sper_m moti.lity. . LAC. arler. .
| o ) ' - Chromatin quality assay - Significant improvement in
(2012) Positive control group: - - -
- Pentoxifylline (3.6 mM) sperm _chromgtln quality following
control group ' administration of LC and LAC
- Improvement in sperm sample in
all groups.
Groups: . ; .
) L-ce?rnitine (1 g pill/12 hr) - Significant increase in sperm
Poveda . ' count in group I.

. . - Spermotrend (1 pill/8 hr). Semen parameters (sperm count, . .
etal. 60 infertile men - Maca extract (1 g pill/12 motility, and morphology) - Improvement in sperm motility in
(2013) hr) gp Y phology groups Il and I11.

) Piacebo (1 pill/12 hr) - No difference in normal sperm
P morphology percentage in all
groups
- Overall improvement in semen
128 infertile men parameters in A, B, and C groups.
with Groups: - Semen parameters (volume - Decrease in semen parameters
Haje and - . - Tamoxifen (20 mg/day). P . ) after the end of treatment.
idiopathic - sperm concentration, motility, .
Naoom . - L-carnitine (1000 mg/day). AT - Improvement in ICSI outcomes
oligoasthenozoo- - 7 viability, and morphology).
(2015) : - Tamoxifen plus L-carnitine. of A or C groups.
spermia - Pregnancy rate after ICSI - -
(i0A) - Placebo - Combined tamoxifen and L-
carnitine results in maximum ef-
fects in iOA men
Jihad Semen parameters (volume - Significant increment in sperm
Manssor Infertile patients -L-carnitine (LC) 500 mg/day sperm concentration, motility, concentration and_ mo_tlllty.
etal. morphology, and viability) - Significant reduction in dead
2019 phology, v sperms and abnormal cells
p
- . - Semen parameters (volume, - Significant increment in percent-
ezth;ng Olie?)s;slgr:(e)r?g:g;to- - Lcarnitine (LC). sperm concentration, motility, age of sperm total motility,
(202'0) zoo% ermia (iIOAT) L-acetyl carnitine (LAC) viability, and morphology). forward motility, and the number
P - Pregnancy rate after ICSI of pregnancies
- Improvement in sperm normal
. - . 0 earmiti ) ) - Semen parameters (volume, morphology and motility in groups
Wei 621 idiopathic . L (?a_rmtlne/L acetyl sperm concentration, motility, received LC/LAC and NAC.
etal. asthenozoospermic  camitine (LC/LAC). viability, and morphology) - LC/LAC did not have significant
(2021) men -N-acetylcysteine (NAC) Y, phology). g

- Hormonal assay

impacts on sperm count, semen
volume, and hormonal assay
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four months. In this research, the results of sperm
analysis, pre and post treatment, indicated a sig-
nificant increase in sperm motility, concentration,
and the reduction of dead and abnormal sperm
following L-carnitine treatment (28). In the same
year, a systematic review and meta-analysis also
evaluated combined L-carnitine and L-acetyl car-
nitine efficacy in idiopathic oligoasthenoterato-
zoospermic men. In this study, 7 randomized con-
trolled trials, including 693 patients, were ana-
lyzed. The comparison of assessed parameters in
these trials, such as sperm total motility, sperm
count, sperm forward motility, semen volume,
normal sperm morphology, and the number of
pregnancies between two groups treated with L-
carnitine+L-acetyl carnitine and placebo showed
that the rate of sperm forward motility, sperm to-
tal motility, and the number of pregnancies have
significantly increased. However, in other semen
parameters, there was no significant difference
between two groups (29).

Furthermore, to clarify the role of L-carnitine in
male fertility, in a randomized controlled trail in
2015, 20 couples with idiopathic oligoasthenozo-
ospermia were admitted for treatment with L-
carnitine (1000 mg/day) for 3 to 6 months. The
results showed the improvement of sperm pa-
rameters (sperm count, motility, and normal mor-
phology) and ICSI outcomes in comparison with
the control group (30). Lenzi et al. also conducted
a randomized trial to assess the effect of com-
bined L-carnitine and L-acetyl-carnitine treatment
in sixty infertile oligo-astheno-teratozoospermic
men (aged 20-40 years). Patients were divided to
two groups of combined treatment of L-carnitine
(2 g/d) and L-acetyl-carnitine (1 g/d) and placebo.
The study design was 2 months of wash-out, 6
months of therapy, and 2 months of follow-up.
The result of this study showed that even though
combined L-carnitine and L-acetyl carnitine treat-
ment improves all sperm parameters, the greatest
sperm motility improvement (both total and for-
ward motility) was observed in patients with low-
er baseline levels of motile sperm (14). In addi-
tion, an animal research by Aliabadi et al. in 2013
showed that adding L-carnitine or L-acetyl-car-
nitine to culture media containing testicular sperm
extracted of testis from 30 mature male mice can
improve sperm motility and chromatin quality
(31). In another randomized trial in 2013, the ef-
fect of spermotrend (1 g tablet every 8 hr), maca
extract (1 g every 12 hr), and L-carnitine (1 g tab-
let every 12 hr) on semen parameters of infertile

men was evaluated. In this study, semen analysis
was performed initially, and 30 days, 60 days, and
90 days after treatment. The results of this study
showed that taking all three oral supplements can
improve the semen parameters of infertile pa-
tients, but L-carnitine can significantly increase
the concentration of the sperm (p<0.05) (32).

How L-carnitine can preserve male fertility after
cancer treatment?

Protective impact of L-carnitine against busulfan-
induced male infertility: Following the significant
growth of cancer incidence rate, the number of
people undergoing chemotherapy is increasing.
Busulfan (1,4-butanediol dimethanesulfonate, C6-
H1406S2) as a chemotherapy drug, is utilized for
treating various types of cancer and before bone
marrow transplantation (33, 34). It belongs to the
class of alkyl sulfonate that functions as a cell
cycle alkylating antineoplastic agent (35). Busul-
fan works on DNA molecule through substituting
alkyl groups for hydrogen atoms, resulting in
DNA alkylation and formation of guanine-adenine
crosslinks. Cellular machinery cannot repair these
busulfan-induced DNA damages and interferes
with DNA replication and transcription of RNA,
which prevents further cell division and ultimately
leads to cytotoxic, mutagenic, and carcinogenic
effects. Busulfan with having two methanesul-
fonate groups, attached to two ends of a butane
chain, hydrolyzes and releases extremely reactive
positively charged carbonium ions, which react
with the guanine molecules in cell's DNA, result-
ing in DNA interstrand crosslinks. Another inhibi-
tory effect of busulfan is its binding to the cyste-
ine molecules of histone proteins, leading to
DNA-protein binding. In addition, busulfan can
interact with the glutathione and sulfhydryl
groups and disrupt the cellular redox equilibrium,
resulting in increased oxidative stress in cancer
cells (36, 37). Besides positive therapeutic effects,
busulfan has some undesirable side effects partic-
ularly in cells or tissues with high proliferative
activities (38). Animal experiments have demon-
strated that busulfan can induce significant cyto-
toxic and apoptotic effects on reproductive glands
(size and weight), germ cells in spermatogenic
process (sperm production and maturation) (39),
and epididymal sperm (40).

These harmful effects include temporary or per-
manent dose-dependent changes in normal semen
parameters, changes in testis biochemical and
structural characteristics, and apoptosis-related
gene expression and testosterone level, which fi-
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nally result in spermatogenesis disorders and male
infertility (34). According to multiple studies,
sperm analysis of all animals that received busul-
fan indicated that busulfan can significantly re-
duce sperm concentration, motility, viability, nor-
mal morphology, and DNA integrity (39, 41-43).
Also, treatment with busulfan as a cytotoxic agent
can cause abnormal apoptosis in spermatogonial
cell lines, leading to a pathological condition.
Findings showed that weight and size of rat testis
after treatment with busulfan decreased, which
may be related to structural changes following
busulfan exposure. Stereological and histological
studies exhibited that, after busulfan treatment,
some large vacuoles were observed in the semi-
niferous tubules in the rat testis and the size of
seminiferous tubules was reduced, which was
linked to disorganization and reduction of height
of germinal epithelium following depletion of
spermatogenic lineage cells (spermatogonia,
spermatocytes, and round elongated spermatid).
Furthermore, immunofluorescence analysis of
spermatogenic cell specific markers indicated that
C18-4 and GC-1, markers of spermatogonial stem
cells, decreased more than markers of other sper-
matogenic cells following busulfan treatment, in-
dicating that type A and B spermatogonial stem
cells were more vulnerable to busulfan (39). It
was found that the spermatogenic impairment
could be induced by decreasing expression of c-
kit, as a survival factor, in spermatogonia or en-
hancing CK18, as a death factor, in Sertoli cells
(42, 44-50). Studies on rat testis presented that, in
addition to spermatogenic cells, the quantity of
supporting Sertoli and Leydig cells declined sig-
nificantly in the rats exposed to busulfan in com-
parison with the control group. However, sper-
matogonia loss was higher than Sertoli and
Leydig cell loss after busulfan exposure (39) and
because the status of spermatic germ cells de-
pends on Leydig and Sertoli cells function, apop-
tosis of these supporting cells can also endanger
vitality of spermatic germ cells (46). Reduction of
serum testosterone levels in busulfan-adminis-
tered mice compared to the control group can also
confirm the decrease of Leydig cells following
busulfan treatment (44, 45).

Furthermore, biochemical analysis of testes re-
vealed that in busulfan-treated rat testis, activity
of antioxidant enzymes of superoxide dismutase
(SOD), SOD/total protein (TP), catalase, catalase/
TP, and thiol significantly decreased and, con-
versely, the level of malondialdehyde (MDA) as a
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lipid peroxidation marker significantly increased.
These findings suggested that busulfan can signif-
icantly induce ROS creation and reduce antioxi-
dants, leading to oxidative stress and lipid peroxi-
dation in testicular tissue, which, in turn, can re-
sult in germ cell death, spermatogenesis impair-
ment, and infertility (49).

Evidence shows that the level of ROS is closely
related to increased levels of apoptotic events in
busulfan-exposed spermatogonial stem cells. In
fact, busulfan, through interaction with glutathi-
one and sulfhydryl groups and disruption of bal-
ance between ROS and antioxidant, increases oxi-
dative stress and causes extensive intracellular
damages to proteins, nucleic acids, and lipid mol-
ecules; moreover, it is crucial for cell survival,
which compromises plasma membrane, DNA and
mitochondrial integrity, and eventually leads to
the apoptosis. In agreement with these findings,
busulfan-induced ROS activated the ERK/p38
pathway, which enhanced the expression of p53
levels, as an apoptosis-related gene (39, 43).

Additionally, busulfan can decrease Bcl-2 gene
expression (as an antiapoptotic gene) and increase
Bax gene expression (as a proapoptotic gene) in
epididymal sperm of busulfan treated mice, which
are related to increased oxidative stress as a result
of decreased enzymatic antioxidants of GPx and
SOD and increased level of lipid peroxidation in
sperm cell (50).

Antioxidant treatment can improve the detri-
mental effects of busulfan on the male reproduc-
tive system (51) due to its potential in attenuating
free radicals and reducing oxidative stress and
apoptotic process. Accordingly, antioxidants can
reduce the DNA damage and lipid peroxidation in
testicular cells during treatment with busulfan. L-
carnitine with antioxidant and antiapoptotic prop-
erties has a protective effect against busulfan-
induced infertility. Investigations have revealed
that generation of free radicals can be decreased
or prevented by L-carnitine through its free radi-
cal scavenging efficacy (superoxide anion and
hydrogen peroxide) and metal chelating activities,
respectively, culminating in reduction of lipid pe-
roxidation and DNA and protein oxidation rate
(52). In agreement with these findings, Abd-
Elrazek and Ahmed-Farid found that L-carnitine
significantly decreased busulfan-induced elevated
oxidative stress markers (MDA, glutathione disul-
fide (GSSG), nitric oxide (NO), and 8-hydro-
xyguanosine (8-HdG)) and significantly increased
busulfan-induced glutathione (GSH) with antioxi-
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dant activity (53). Also, another study has shown
that L-carnitine is effective in attenuation of MDA
level as a lipid peroxidation end-product, and in-
crease of SOD level, as a main antioxidant en-
zyme found in the male reproductive system (54).
In fact, L-carnitine can improve the imbalance
between oxidant (ROS) and antioxidant species
caused by busulfan, and decrease oxidative stress
through ROS reduction and increase of antioxi-
dants such as GSH and SOD. On the other hand,
L-carnitine can reduce the expression of caspase-
3, an apoptosis-related protein, that is increased
following busulfan treatment (55). As a result, L-
carnitine with antioxidant and antiapoptotic prop-
erties can reduce adverse effects of busulfan on
plasma membrane, DNA and mitochondrial integ-
rity through reduction of lipid peroxidation, DNA
as well as protein oxidation and decrease busul-
fan- induced apoptosis. Furthermore, it was well
known that L-carnitine can also maintain the
sperm plasma membrane against oxidative stress
caused by toxic materials such as busulfan via
eliminating the toxic acetyl-CoA and substituting
fatty acids in cell membrane (13). Measuring cell
energy parameters shows that L-carnitine plays a
fundamental role in transporting long-chain fatty
acids across the inner mitochondrial membrane,
resulting in B-oxidation and ATP production (53).
Therefore, L-carnitine can increase motility and
viability of sperm through maintaining sperm
plasma membrane flexibility and supplying ener-
ay.

L-carnitine has protective effects on sperm pa-
rameters; Abd-Elrazek and Ahmed-Farid demon-
strated that L-carnitine can improve testis weight
(8, 16, 49), which may be related to structural
changes in testis following reorganization and
elevation of height of germinal epithelium, in-
crease seminiferous tubules size, and also increase
interstitial volume through reduction of ROS level
and spermatogenic apoptosis. In contrast, Deh-
ghani et al. did not observe any significant effect
of L-carnitine on improvement of rat testis weight
following busulfan exposure. A summary of the
studies on protective impact of L-carnitine against
busulfan-induced male infertility is presented in
table 2 (53, 56).

Effective potential of L-carnitine in improving radi-
ation-induced testicular dysfunction: Today, radia-
tion is increasingly used in industry, medicine,
agriculture, military, and scientific research, often
causing undesirable effects on people who have
been exposed to it. Therefore, there is a need to

study the radiation injuries to identify appropriate
strategies to reduce these effects and recover the
damages. The harmful impacts of radiation on
cells are mainly exerted by free radicals like hy-
droxyl, superoxide, and hydrogen peroxide (57),
which can damage lipids, nucleic acids, and pro-
teins, leading to cellular dysfunction and even
apoptosis (58-60). One of ROS-induced long-term
side effects of radiation is the damage to repro-
ductive system, resulting in infertility. Testis as
one of the most radiosensitive organs has many
cells with various degrees of sensitivity to radia-
tion, so that exposure of the testis to radiation can
induce apoptosis of germ cells and particularly
affect the division of spermatogonia to prelepto-
tene spermatocytes. Sertoli and Leydig cells as
testicular supporting cells have more resistance to
apoptosis induced by radiation (61).
Morphologically, light and electron microscopic
examinations of irradiated testes have revealed
marked disorganization, desquamation, and vacu-
olization of the germ cells of rats’ seminiferous
tubules, as well as formation of multinucleated
giant cells in the germinal epithelium following
spermatogenesis arrest, compared to the unirradi-
ated testes. It was observed that the type and ex-
tent of these changes vary at different exposure
intervals using radiation. In addition, Leydig cells
illustrated shrunken pyknotic nuclei. Besides,
some marked pathologic changes were detected in
Sertoli cells by electron microscopy. Also, inves-
tigations showed that radiation could change the
location and morphology of Sertoli cell nucleus. It
could also increase nuclear invaginations, dilation
of smooth endoplasmic reticulum cisterna, mito-
chondrial swelling, and the number and size of
lipid droplets in these cells. In above examina-
tions, some irregular round empty spaces were
evident between Sertoli cells. It was also seen that
basement membrane of seminiferous tubules of
irradiated rats is either severely folded or thick-
ened. Based on previous studies, these post-
radiation histopathologic changes in testis can be
reduced by administrating L-carnitine during radi-
ation exposure. Aktos et al. in histopathological
evaluation of rat testis after irradiation observed
disorganization in the stratification of spermato-
genic cells, arrest in spermatogenesis, and vacu-
olization in the germinal epithelium. Pretreatment
of irradiated rat testis with L-carnitine in their
study showed that L-carnitine has radioprotective
effects against radiation-induced acute histopatho-
logical and biochemical testicular damage (62).
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Table 2. Summary of the selected studies on protective impact of L-carnitine against busulfan-induced male infertility

Authors Species Treatment Dosage and groups Parameters Results
- Reduction of testis weight and
volume in the first, second, and
- Busulfan concentration: third experimental groups, but
10 mg/kg. testis weight and volume increased
- L-carnitine: 100 after treatment with THF, in
mg/kg/day. - Testis weight comparison with the first and third
- Busulfan Groups: and volume. _expgriment_al groups.
20 adult (BUS). - Group | (control/MSO). - Plasma - No significant dlfference_ln these
_ male - L-carnitine - Group 11 (BUS). testosterone and parameters beMeen the first and
Dehghani rats (LC) - Group Il (BUS+THT). estradiol levels. third experimental groups.
etal. (2012) (18020 ) Testis - Group 1V (BUS+LC). - Sperm count. - In stereological analysis of testis,
gr} homogenized - Treatment with LC and - Sperm qnly there were signifi_cant
tissue (THT) THT began one day after morphology. differences between animals
busulfan injection and - Stereological receiving BUS+ LC in number of
continued for 48 days analysis of testis the primary spermatocyte and
(matching with the rat’s length of flagella (um), compared
spermatogenesis cycle) to BUS group.
- No significant difference was
found in plasma testosterone and
estradiol levels in any of the groups
- Significant reduction of body
weight, testis weight, and relative
testes weight following busulfan
administration.
- Busulfan concentration: - Significant enhancement in body
 Busulfan 20 mg/ml. i S_p:/lrgiﬁ?;m' weight, testis weight, and relative
Abd-Elrazek 20 acljult (BUS). t—_carrylt_me.. fgg mg//kglg. - Velocity. te_stseg W_?_ght t|r_1 LA andtl__C groups.
and male - L-camnitine arginine: : mg/ml. - Morphology. ignificant increment in sperm
Ahmed-Farid rats (LO). Groups: -DNA morphology, motl_llty, velocity, and
(2017) (180£20 - L-arginine - Control (con). metabolites. concentration in LA and LC
9) (LA) ik - Oxidative stress. groups.
- BUS + LA. _ Cell energy - Enhancement in MDA, GSSG,
-BUS+LC and ATP (cell energy markers) in

LC and LA groups.
- Reduction in AMP, GSH, NO,
ADP, and 8-OHDG in LC and LA
groups

Also, Kanter et al. in 2010 showed that pretreat-
ment with L-carnitine in rats, one day before radi-
ation exposure, considerably decreased the radia-
tion-induced germ cell apoptosis and morphologi-
cal changes in the irradiated testis (63).

In a study by Topcu-Tarladacalisir et al. in 2009,
it was revealed that L-carnitine improved the
spermatogenic recovery following irradiation in
rats (64). In addition to animal studies, data ob-
tained from men with idiopathic oligoastheno-
spermia subjected to radiation has also shown that
sperm parameters can be improved following L-
carnitine treatment due to its antioxidant and
antiapoptotic impacts on the testis (55). While
radiation induces ROS production that has a key
role in induction of DNA double-strand breaks

and activation of apoptosis signaling pathways,
recent studies have shown that treatment with L-
carnitine and its derivatives as potent antioxidants
can inhibit DNA damage and activate DNA-repair
genes through ROS reduction (65). Furthermore,
in mice testicular tissue, pretreatment with L-
carnitine can inhibit apoptosis related to genes
such as FasL, implicated in programmed cell
death, and Cyclin D2, involved in cell cycle regu-
lation, and oncogenic transformation and differen-
tiation which are activated following radiation.
Recently, Soliman and Aldhahrani, in their im-
munohistochemistry findings, showed that y-ir-
radiation incremented caspase-9 expression and
reduced Bcl-2 expression and L-carnitine protect-
ed y-irradiated mice following changes in caspa-
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se-9 and Bcl-2, as apoptotic factors. They showed
that all altered testicular anti-oxidants and mMRNA
expression of apoptotic, pro-apoptotic, and anti-
apoptotic genes were improved by preadministra-
tion of L-carnitine in y-irradiated mice, providing
evidence for the protective effects of L-carnitine
against testicular oxidative stress as well as apop-
tosis caused by y-irradiation at biochemical, mo-
lecular, and cellular levels (66). L-carnitine can
also improve expression of some proinflammatory
cytokines including TNF- o, IL1-B, and IFN-y,
which increase after radiation (19, 65). Since there
is a correlation between ROS and expression of
these proinflammatory cytokines, it seems that L-
carnitine’s suppressive effect on radiation-induced
cytokine expression may be explained by L-
carnitine antioxidant effects (67). In line with the
findings of previous research, Famularo et al. in
2004 reported that L-carnitine can down-regulate
proinflammatory cytokines (68).

Moreover, Ahmed et al. indicated that the ex-
pression of aromatase enzyme, androgen-binding
protein (ABP), and cholesterol side chain cleav-
age enzyme (CYP450SCC) in reproductive sys-
tem can be affected by radiation. ABP, a glyco-
protein secreted by Sertoli cells in the seminifer-
ous tubules, regulates spermatogenesis through
maintenance of higher androgen levels in epidi-
dymis and testis. Also, aromatase, an enzyme en-
coded by the CYP19 gene, that is responsible for
biosynthesis of estrogen (essential for male fertili-
ty) in Sertoli, Leydig, and spermatogenic line cells
and CYP450SCC which is involved in biosynthe-
sis of testosterone from cholesterol have impor-
tant roles in spermatogenesis process. Studies
have revealed that radiation exposure decreases
expression of aromatase and suppresses expres-
sion of CYP450SCC and ABP, whereas L-car-
nitine treatment prior and during radiation expo-
sure can inhibit these suppressions and increase
reduced expression of aromatase mMRNA (69).

Moreover, radiation can alter activation of some
peroxidation biomarkers. Many studies have de-
monstrated that radiation decreases activities of
plasma antioxidants including SOD, catalase and
GSH, and increases plasma MDA, resulting in
lipid peroxidation in different systems of human
body, particularly reproductive system (70). On
the other hand, biochemical analyses for investi-
gating the protective effect of L-carnitine against
free oxygen radicals induced by radiation showed
that increased plasma level of MDA following
radiation, as a lipid peroxidation biomarker, can

be decreased significantly by L-carnitine before
radiation exposure. Also, pretreatment with L-
carnitine can modulate the decreased plasma level
of SOD, catalase and GSH, as antioxidant defense
mechanisms, which are effective in scavenging of
radiation-induced free radicals. The potential of
L-carnitine to reduce and eliminate free radicals is
related to the suppression of hydroxyl radical pro-
duction in a chemical reaction, the Fenton reac-
tion, possibly through chelating the iron ions nec-
essary for the hydroxyl radical generation (71). A
summary of the studies on effective potential of
L-carnitine in improving testicular radiation-in-
duced dysfunction is presented in table 3 (62-64,
66, 69).

How L-carnitine can protect sperm functional pa-
rameters after freezing—thawing?: Cryopreservation
is a practical method to maintain male fertility,
which presently has a routine use in the field of
reproductive medicine. Despite the benefits of
sperm cryopreservation, its significant and detri-
mental impacts on sperm structural and functional
parameters are common post-thawing conse-
guences, including reduction of sperm maturity,
decrease of sperm concentration, normal mor-
phology, motility, and viability and disruption of
sperm plasma, mitochondrial membrane, acro-
some, and DNA integrity (51, 58). Therefore, de-
spite different advances in cryopreservation meth-
ods, the functional sperm cells’ recovery rate after
thawing must be improved. Investigations have
demonstrated that most of such detrimental con-
sequences are linked to elevated ROS throughout
sperm freezing—thawing process. Normally, there
is a balance between antioxidant scavenging ac-
tivities and ROS production in male reproductive
tract. Disturbance of this balance leads to oxida-
tive stress. Cryopreservation induces excessive
generation of ROS and causes sperm cell damage
with extreme sensitivity to ROS owing to limited
cytoplasm, low antioxidant capacity, and higher
level of polyunsaturated fatty acids (PUFA) in
plasma membrane of sperm cells.

Sperm OS-induced cryodamages are mostly re-
lated to lipid peroxidation, DNA, and protein oxi-
dation. Loss of plasma membrane integrity and
flexibility results in lipid peroxidation of PUFA in
sperm plasma membrane as well as sperm mito-
chondrial ROS-induced damage; all these conse-
guences culminate in ATP depletion and de-
creased sperm motility and viability as the most
vulnerable sperm parameters due to insufficient
axonemal phosphorylation during cryopreserve-
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Table 3. Summary of the selected studies on effective potential of L-carnitine in improving testicular radiation-induced dysfunctions

Authors Species and Radiation damages Radiation Treatment Results
number dose
Germ_ el de.plet.lon me LC enhanced the ratio of
Topcu- : N : dlsorganlza_tlon, regeneration in seminiferous tubules
L Wistar albino spermatogenesis arrest, 10 dose of Gy LC -
Tarladacalisir - : S and increased the recovery of
male rats multinucleated giant cells y-irradiation (200 mg/kg) - S
et al. (2009) - - spermatogenic cells after irradiation
formation, and germinal .
o S in rats
epithelium vacuolization
18 Germinal cell disorganization Pretreatment with LC, 24 hours
Kanteretal.  Wistar albino aréd desquamation, fsperm cobur:t 10 dose of Gy LC dbefodr ¢ eé‘.po.sure. tg Y rzdlanon’ '
(2010) male rats reduction in seminiferous tubule y-irradiation (200 mg/kg) reduced radiation-induced germ ce
and an increment in TUNEL- apoptosis and significant testis
positive cells in irradiated rats histopathological changes
Suppression of ABP expression
and CYP450SCC mRNA, LC decreased the apoptosis in
24 down-regulation of aromatase 0.1doses of testicular tissue and normalized the
Ahmed et al. Swiss male mRNA expression, up- -G Ida LC changes in the expression of
(2014) mice regulation of FasL and cyclin (1Oy da {) (10 mg/kg) testicular genes and sperm
D2 mRNA expression, up- Y abnormalities in comparison with
regulation of TNF-a, IL1-B, and irradiated mice
IFN-y mRNA expressions
Spermatogenesis arrest . .
30 - AP ' LC has radioprotective effects
Aktoz et al. Wistar albino strati(ilif:z?oar?lc?fa tsloenrr':attge enic 20 d%s’es of LC against radiation-induced acute
(2017) male rats permatogent oY (300 mg/kg) histopathological and biochemical
germ cells and vacuolization in y-irradiation -
. L testicular damage
the germinal epithelium
Induced testicular oxidative - LC has protective impacts against
Soliman and 28 stress, changes in antioxidant 0.1 doses of L -carnitine testicular oxidative stress caused by
Aldhahrani Swiss male  activities, testicular dysfunction, 'Gy/day LC y-irradiation
(2020) mice and changes in apoptosis- (10 days) (10 mg/kg) - Improvement in apoptosis

associated genes (c-jun, c-fos,
Bcl-xL, caspase-3, and BAX)

associated genes and antioxidant
activities

tion, and the final outcome would be decreased
male fertility potential. In addition, lipid peroxida-
tion leads to generation of derived aldehydes and
malondialdehyde that can react with proteins and
nucleic acids, causing further cell damage. Also,
free radicals can damage sperm DNA through ox-
idation of purine and pyrimidine bases, breakage
of DNA single and double strands, protamine de-
ficiency, chromosomal rearrangement and gene
mutation and the detrimental consequences are
cell damage, cell apoptosis, and impaired fetus
development. OS-induced protein oxidation fol-
lowing cryopreservation can reduce cellular en-
zyme efficiency, lower ROS-scavaging potential,
and ultimately cause cell damage, particularly in
sperm cells due to lack of their antioxidant sys-
tems to protect against oxidative injuries (72-76).

Experimental evidence revealed that one of the
most important strategies to reduce OS-induced

sperm damage during sperm cryopreservation is
to use antioxidants at appropriate concentration in
cryomedium. In fact, antioxidants can protect
sperm cells through decreasing ROS production
and increasing ROS removal that, in turn, subse-
guently reduce lipid peroxidation and DNA and
protein oxidation. They can also regulate sperm
mitochondrial protein synthesis, improve mito-
chondrial membrane and acrosomal integrity, and
increase sperm survival rate (74, 75).

Due to high concentration of L-carnitine in epi-
didymis and its potential in stabilizing sperm
plasma membrane and increasing sperm survival,
and reduction of sperm intracellular L-carnitine
level following cryopreservation, (77) some stud-
ies have suggested that adding L-carnitine to cry-
omedium can compensate its loss in sperm cell
and improve sperm parameters during freeze-thaw
process; all these features can be explained by L-
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carnitine’s antioxidant property as a ROS scaven-
ger and its role in sperm metabolism as an energy
production facilitator.

L-carnitine significantly increases sperm motility
and viability during cryopreservation by reducing
plasma membrane lipid peroxidation through in-
hibition of ROS formation, chelating the iron ions
required for the hydroxyl radical formation, and
scavenging free radicals; therefore, it is effective
in improving sperm plasma membrane flexibility.
Also, La-carnitine acts as a carrier for translocat-
ing long chain fatty acids across the inner mito-
chondrial membrane for B-oxidation in Krebs cy-
cle and ATP production for sperm motility (78,
79).

Furthermore, L-carnitine as a potent antioxidant
can decrease oxidation of purine and pyrimidine
bases, breakage of DNA single and double
strands, DNA fragmentation and protamine defi-
ciency and maintain DNA integrity during cryo-
preservation by ROS reduction (78). Also L-
carnitine with antioxidant and antiapoptotic prop-
erties can decrease cryodamages to sperm mito-
chondrial DNA and membrane through reduction
of ROS and increase of mitochondrial antioxi-
dants. Furthermore, it can improve the potential of
mitochondria in ATP production and increase mo-
tility with transfer of long-chain fatty acid across
mitochondrial inner membrane.

The function of L-carnitine in cryopreservation
has been demonstrated in various human (65, 80-
82) and animal studies (Table 4) (79, 83-86).
Zhang et al. assessed protective effects of L-
carnitine on human semen specimens of 37 asthe-
nozoospermic and 33 normozoospermic men dur-
ing freezing-thawing procedure. In this study,
viability, motility, mitochondrial membrane po-
tential, and DNA fragmentation index of sperm
cells were analyzed in fresh and frozen—thawed
semen, in both experimental (with cryomedium
containing L-carnitine) and control groups. The
results of this research demonstrated that supple-
mentation of the cryopreservation medium with
L-carnitine before freezing yields a considerable
enhancement in post-thaw sperm parameters and
reduces sperm cryodamage in both the normozoo-
spermic and asthenozoospermic semen samples,
compared to the control group.

It should be noted, for sperm parameters such as
DNA fragmentation index and viability, the cryo-
protective effectiveness of L-carnitine in astheno-
zoospermic specimens was superior to that of
normozoospermic specimens (82). Similarly, in

another study, assessment of the effects of L-
carnitine on sperm conventional and functional
parameters, protamine deficiency and DNA frag-
mentation before and after freezing in oligosper-
mic men showed that L-carnitine can improve
sperm motility and reduce ROS, protamine defi-
ciency, and DNA fragmentation in pre and post-
freezing stages (78). Contrary to previous studies,
an evaluation by Duru et al. in 2000 about the ef-
fects of acetyl-L-carnitine on plasma membrane
and sperm motility in semen samples of 41 men
before freezing-thawing revealed that acetyl-L-
carnitine could not prevent cryodamage to the
membrane or motility integrity in human sperma-
tozoa of subfertile men (87).

Improvement of these sperm parameters follow-
ing L-carnitine supplementation in cryopreserva-
tion can be explained by its antioxidant property
and crucial role in fatty acid metabolism and en-
ergy production in sperm (74). In fact, L-car-
nitine, through transporting fatty acid long-chain
acyl groups across sperm mitochondrial inner
membrane, can facilitate B-oxidation, cellular
ATP production, improve sperm flagellar move-
ment, and ultimately sperm motility (84).

Assessment of 8-hydroxy-guanosine (0h8G) as
an indicator of oxidative DNA damage has dis-
played that ROS- induced DNA oxidation during
the freezing procedures can be decreased after
adding L-carnitine to the cryomedium (81). It was
also observed that MDA levels as a lipid peroxi-
dation marker is reduced after adding L-carnitine
to freezing media which is associated to its poten-
tial to chelate free ferrous ions, prevent superox-
ide ion generation, and also scavenge excessive
ROS. Besides, increased phosphatidylserine (PS)
as an apoptotic marker could be reduced using L-
carnitine through its stabilizing effect on sperm
plasma membrane (83).

A summary of the studies on cryoprotective ef-
fects of L-carnitine on freeze—thaw induced sperm
damages is presented in table 4 (79, 83, 84) and
table 5 (31, 81, 82, 87, 88). A summary of the
protective effects of L-carnitine on male repro-
ductive system is presented in figure 2.

Conclusion
L-carnitine with antioxidant, anti-inflammatory,
and antiapoptotic properties along with a crucial
role in sperm metabolism can optimize sperm
conventional and functional parameters in seminal
plasma, particularly in asthenozoospermic men. In
addition, treatment with L-carnitine at appropriate
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Table 4. Summary of the selected animal studies on cryoprotective effect of L-carnitine on freeze—thaw induced sperm damages

Authors

Patients

Treatment

Freezing and thawing
method

Freezing media

Results

Namik
etal.
(2000)

Zhang
etal.
(2000)

Banihani
etal.
(2013)

Aliabadi
etal.
(2017)

Ghorbani
etal.
(2021)

Chavoshi
Nezhad
etal.
(2021)

35
infertile men

- Asthenozoospermic
(AS) cases: 37.

- Normozoospermic
(NS) cases: 33

22 infertile men

30 healthy men

20 healthy men

30 oligospermic men
men

-Acetyl-L-carnitine
(2.5,5, 10, and 20
mM).

- Progesterone
(1 and 10 mM)

L-carnitine (LC)
2.0g/l)

L-carnitine (LC)
0.5 mg/ml

-L-carnitine
dose: 1 ml medium
containing 7 mg LC.
- Pentoxifylline (PT)
dose: 1 ml medium
containing 1 mg of

PT

- L-carnitine (LC)
-N-acetylcysteine
(NAC).

- 6 groups: LC (1
and 10 mM), NAC
(5 and 10 mM), and
cryopreserved and
fresh control groups

- L-carnitine
dose :100 pM.

- Coenzyme Q10
(CoQ10) dose:
100 pM.

- Groups: 1) control
before freezing, 2)
LC, 3) CoQ10, 4)
combination of L-C
+ C0Q10, 5) control
freezing, 6) experi-
mental freezing with
L-C, 7) experimental
freezing with
CoQ10, and 8)
experimental freez-
ing with the combi-
nation of LC +
CoQ10

- Freezing: refrigerating the
cryovials at 18°C for 30 min,
cooling in nitrogen vapor and

then plunging into liquid
nitrogen at -196°C

- Thawing: placing cryovials

in a 42°C water bath for 3
min

- Freezing: fast freezing
-Thawing: transferring the
cryovials to a water bath of

37°C for 15 min

- Freezing: placing sample in
the freezer at 20°C for 8 min,
in the liquid nitrogen vapors
at -80°C for 2 hr, and then in
liquid nitrogen (-196°C)
-Thawing: incubation at 37°C
for 20 min

- Freezing: fast freezing
- Thawing: at 37°C for 10
min

- Freezing: micro-droplet
technique
- Thawing: placing samples
in 5 ml of HTF (37°C) with
1% HSA, incubation at 37°C
and in 5% CO, for 5 min

- Freezing: fast freezing.

- Thawing: placing under
running water for 1 to 2 min
to reach normal temperature

TEST-yolk buffer
containing glycer-
ol (Irvine Scien-
tific, US)

Quinn’s Ad-
vantage Sperm
Freezing Medium,
(SAGE BioPhar-
ma, US)

TEST-yolk buffer
(Irvine Scientific,
us)

(Life Global, US)

Solution contain-
ing 0.5 mol/L of
sucrose and 5%

human serum

albumin (HSA,

Sigma-Aldrich,
us)

Human Sperm
Preservation Me-
dium (HSPM)

- No significant differences between
control and progesterone and/or
acetyl-L-carnitine samples for cry-
osurvival rate, motility, or mem-
brane integrity

- LC induced a significant im-
provement in post-thaw sperm fast
forward motility, forward motility,
total motility, and viability in both

AS and NS samples.
-LC showed better protective effects
towards AS for DNA fragmentation
index and vitality in comparison to
NS

- LC significantly improved sperm
motility and vitality compared with
the control.

- No statistical difference in the
levels of DNA oxidation between
samples (with LC) and controls
(without LC)

- LC elevated the percentage of
non-capacitated spermatozoa and
percentages of acrosome intact
spermatozoa compared with control
and PT-treated sample.

- LC reduced the percentages of
acrosome -reacted spermatozoa
compared with the control and PT-
treated samples.

- LC did not improve motility.

- LC protected the plasma mem-
brane and acrosome integrity

- No significant difference in total
motility in the LC and NAC groups.
- Significantly higher progressive
motility and motility in groups of
LC and NAC.

- Significant increase in mitochon-
drial membrane potential (MMP)
and plasma membrane integrity
(PMI) in LC and NAC groups.

- Significant decrease in DNA
damage and intracellular ROS in
LC and NAC groups

- LC significantly reduced the num-
ber of ROS in the pre and post
freezing groups.

- Significant improvement was seen
in the sperm motility of class B in
the pre freezing groups with LC.

- After freezing, DNA fragmenta-
tion increased, but the addition of
LC or CoQ10 decreased DNA
fragmentation compared to the
freezing control group.

- Addition of LC or CoQ10 to the
sperm of the control group in-
creased the number of sperms with
normal protamine but this differ-
ence was not significant
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Table 5. Summary of the selected human studies on cryoprotective effect of L-carnitine on freeze—thaw induced sperm damages

Freezing and thawing
media and procedures

Results

- Freezing: fast freezing.

- Freezing medium: Tris
based glucose extender con-
taining Tris, citric acid, glu-
cose, benzylpenicillin sodi-

um, streptomycin sulfate,

LC, and glycerol.

- Thawing: immersing the
straw in warm water (37°C)
for15s.

- Thawing medium: Tris-
based glucose extender with-
out egg yolk, LC, or glycerol

Freezing: cooling semen
samples from 37 t0 5°C, in a
cold cabinet, maintaining at

5°C, and then examining

after 0, 6, 12, and 24 hr of
liquid storage

- Freezing: equilibration at
5°C for 3 hr, freezing the
straws in liquid nitrogen

vapor, 4 cm above the liquid
nitrogen, for 7 min and then,
plunging them into liquid
nitrogen.
- Freezing medium: Belts-
ville.
- Thawing: The frozen straws
were thawed at 37°C for 30 s
in a water bath

- Significantly higher motility
was observed in 25 mM LC
group when compared with 0
mM LC (control) group O hr and
2 hr after thawing.

- Significantly higher sperm
motility 2 hr after thawing of
12.5 mM and 25 mM LC in com-
parison to 0 mM LC.

- Plasma membrane integrity,
DNA integrity, and acrosome
integrity were not significantly
different in all treatment groups
and all examination times

-3 different doses of LC provid-
ed significant increases in the
percentage of motile sperm at 12
hr and 24 hr and significant
protection of the sperm plasma
membrane was observed at 12
and 24 hr of cool-storage, in
comparison to the control sam-
ples.

- Only the 2 mM dose of LC
significantly decreased the rate
of acrosome damage in compari-
son to the control samples

- 2 different doses of LC provid-
ed higher total motility, progres-
sive motility, membrane func-
tionality, viability, and signifi-
cantly lowered lipid peroxidation
compared to control group.

- Lower motility, progressive
motility, and viability were ob-
served in frozen-thawed sperm
in extender containing 8 mM LC
compared to control group.

- Morphology and mitochondrial
activity were not affected by 2
doses of LC

A1 1 vwvwvyy.uy WOJJ Papeojumod

Species and
Authors number Treatment Dosage
24 healthy cats - Groups: i) 0 mM
Parmornsuporn- of various L-carnitine .
S LC (control), ii)
vichit breeds, aged (LC)
et al. (2013) between 1-7 125 mM LC, and
' iii)25mM LC
years
- LC doses: 0.5, 1,
10 sexually ma- L -carnitine and 2 mM.
Sari6zkan ture male New (LC) - Groups: 4 equal
etal. (2014) Zealand white - Glutamine aliquots containing
rabbits 0 (control), 0.5, 1,
and 2 mM of LC
Groups: Beltsville
without LC (con-
L-carnitine trol), Beltsville
Fattah et al. 12 adult male (LC) with 0.5 mM
(2016) roosters (LO.5), 1 mM (L1),
2mM (L2), 4 mM
(L4), and 8 mM
(L8) LC
Properties » Protective Effects » Improvement
*Reduction of Lipid Peroxidation *Sperm Count
* Antioxidant 5 Al —
*Reduction of DNA Oxidation «Sperm Motility ©
* Anti-apoptotic 'Re_dm_b" JEprteng *Sperm Morphology :é,
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Process +Sperm Mitochondrial g
*Inhibition of Proinflammatory Membrane §
D

Figure 2. Summary of protective effects of L-carnitine on

male reproductivi

80

e system

concentration, before or during radiation and
busulfan exposure, can reduce testis structural,
biochemical, and genetic alterations caused by
radiation and busulfan therapy. It can also modu-
late apoptotic events, lipid peroxidation, and ul-
timately improve testicular and sperm quality and
quantity. Furthermore, supplementation of the
cryomedium with L-carnitine before freezing im-
proves post-thaw sperm parameters and reduce

the sperm cryodamage.
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